Abstract Reducing the losses caused by Aceria guerreronis Keifer has been an arduous task for farmers. However, there are no detailed studies on losses that simultaneously analyse correlated parameters, and very few studies that address the economic viability of chemical control, the main strategy for managing this pest. In this study the objectives were (1) to estimate the crop loss due to coconut mite and (2) to perform a financial analysis of acaricide application to control the pest. For this, the following parameters were evaluated: number and weight of fruits, liquid albumen volume, and market destination of plants with and without monthly abamectin spraying (three harvests). The costs involved in the chemical control of A. guerreronis were also quantified. Higher A. guerreronis incidence on plants resulted in a 60 % decrease in the mean number of fruits harvested per bunch and a 28 % decrease in liquid albumen volume. Mean fruit weight remained unaffected. The market destination of the harvested fruit was also affected by higher A. guerreronis incidence. Untreated plants, with higher A. guerreronis infestation intensity, produced a lower proportion of fruit intended for fresh market and higher proportions of non-marketable fruit and fruit intended for industrial processing. Despite the costs involved in controlling A. guerreronis, the difference between the profit from the treated site and the untreated site was 18,123.50 Brazilian Real; this value represents 69.1 % higher profit at the treated site.
Introduction
Cocos nucifera L. coconut palm is a tropical crop widely distributed in Asia, Africa, and America, farmed on approximately 11.2 million hectares in approximately 90 countries (FAO 2012) . It is estimated that 96 % of the global production comes from small-scale farmers with a cultivating land area of 0.2-4 ha, and 70 % of this production is consumed domestically in producing countries (Martin and Jesus 2011) . This palm is important in coconut oil production, as a foreign-exchange generator, and as a subsistence crop for small-scale farmers, supplying food, beverages, fuel, animal feed, and shelter (Foale 2003) .
Coconut mite, Aceria guerreronis Keifer (Acari: Eriophyidae), is one of the main pests of this palm in the Americas (Moore et al. 1989; Lawson-Balagbo et al. 2008) , Africa (Negloh et al. 2011) , and a portion of Asia (Haq et al. 2002; Fernando and Aratchige 2010) . Aceria guerreronis colonies are located in the perianth, the fruit's meristematic region, which is covered by bracts (Moore and Howard 1996) . Feeding of this pest usually causes triangular white-yellowish patch on the epidermis, which then expand and become necrotic (Moore and Howard 1996; Nair 2002) . With fruit growth, longitudinal cracks arise on the necrotic area, and resin exudation, fruit deformation (Cardona and Potes 1971) , and abortion can also occur (Doreste 1968; Nair 2002; Wickramananda et al. 2007) . Infested fruit by A. guerreronis that are not aborted can exhibit reduced fruit weight and size, liquid albumen (coconut water) volume and solid albumen (copra) weight, which decreases its market value (Moore et al. 1989; Haq et al. 2002; Paul and Mathew 2002) . There is high variation in the estimated losses caused by A. guerreronis, ranging from 10 to 70 % of production (Doreste 1968; Hernández 1977; Julia and Mariau 1979; Moore et al. 1989; Moore 2000; Seguni 2000; Wickramananda et al. 2007 ). One of the main reasons for this high variation is the diversity of methods used to quantify the losses, which hinders comparisons between studies (Navia et al. 2013) . In the studies performed to date, loss quantification has been limited to a few parameters, which were neither evaluated simultaneously nor correlated with each other, nor were they translated into economic values.
Reducing losses caused by A. guerreronis has been an arduous task for farmers because the pest colonies are difficult to access due to the protected habitat created by the bracts (Moore 2000; Ramaraju et al. 2002; Lawson-Balagbo et al. 2007; Galvão et al. 2011; Lima et al. 2012) . Bracts of the fruit act as a physical barrier, hindering the direct action of acaricides on the colony in the perianth (Mariau and Tchibozo 1973; Hernández 1977) . Mite mortality occurs through contact with the acaricide during its dispersal (Silva et al. 2013 ), requiring frequent applications over short time intervals for efficient control (Hernández 1977; Julia and Mariau 1979; Fernando et al. 2002) . The need for frequent applications may impair implementation of this method for low-yield farmers due to the high cost (Mariau and Tchibozo 1973; Hernández 1977; Ramaraju et al. 2002) . The efficacy of chemical products in A. guerreronis control has been reported in some countries (Mariau and Tchibozo 1973; Cabrera 1991; Muthiah et al. 2001; Moreira and Nascimento 2002; Ramaraju et al. 2002; Fernando and Chandrasiri 2010; Melo et al. 2012) , and according to Melo et al. (2012) , the interval between spraying of some acaricides, such as abamectin, can be increased, thus reducing control costs. Although some products are efficient, there has been a lack of studies addressing the economic viability of this control strategy.
Currently, Brazil is worldwide the fourth largest coconut producer with an approximate production of 2.8 million tons of coconut in a harvested area of 257 thousand ha (FAO 2012) , and 84 % of this area is located within northeast Brazil (Aragão et al. 2002) . The coconut palm crop is adapted to growing in sandy soil along Brazil's northeast coastline, being extensively farmed along the Brazilian coast, and it has been expanding into irrigated areas such as the northeastern semiarid region (Cuenca et al. 2011 ). The present study reports a detailed survey of the losses caused by A. guerreronis in green dwarf coconut palm in northeast Brazil. The losses caused by A. guerreronis were estimated based on the following parameters: (i) number of fruits harvested/bunch; (ii) mean weight of the fruits harvested/bunch; (iii) mean liquid albumen volume/fruit, and (iv) market destination of the harvested fruit (fresh market, industrial processing, non-marketable). Additionally, an economic analysis of the costs involved in using chemical control was performed.
Materials and methods

Study site and crop management system
The study was conducted on a commercial coconut palm plantation (green dwarf variety) with plants that were approximately 17 years old and 5 m tall in Petrolina, state of Pernambuco (PE), Brazil (08°58 0 S, 35°11 0 W) between March and October 2012. The local climate is BSwh' according to the Köppen classification, indicating an arid climate region (Kottek et al. 2006 ) with a rainy season concentrated between January and April, strong insolation (2800 h/year), and low relative humidity (below 55 % during the hottest months). During the study, all the plants received the same water volume (300 L day -1 ) and were fertilised by fertigation [810 g per plant annually for each nutrient: N (urea) and K (potassium chloride)]. After the onset of the reproductive phase under sub-optimal farming conditions (the conditions for most crops worldwide), the green dwarf coconut palm usually produces an inflorescence every 30 days. After fertilisation of the flowers, the inflorescences develop bunches which can be harvested 7 months after anthesis. Under the farming conditions of the present study, the time to harvest was reduced from 7 to 4-5 months, and a new inflorescence was emitted within approximately 20 days.
Pre-evaluation of the plants
To determine the initial levels of damage of A. guerreronis, one group of 20 plants was arbitrarily selected, marked, and divided into two subgroups of ten each. The subgroups were separated by two plant rows, and each of the 20 plants was sampled. For each plant, the six oldest bunches were sampled (assigning a value of zero to the inflorescence and counting the following bunches chronologically). Thereafter, these bunches were referred to as bunches 2, 3, 4, 5, 6, and 7, respectively. Fruits from bunch 1 were not considered as they exhibited no damage . The mean level of damage caused by A. guerreronis was estimated based on two fruits collected from each bunch (bunches 2 through 6), using the diagrammatic scale described by Galvão et al. (2008) . In this scale, the size of the necrotic area caused by A. guerreronis was determined as a proportion of the fruit's total surface (Galvão et al. 2008) . The diagrammatic scale is based on 1, 2, 4, 8, 16, 32, 48 , and 70 % damage levels. All of the fruits from bunch 7 were collected and used to evaluate the following parameters: (i) number of fruits, (ii) fruit weight, and (iii) liquid albumen volume per fruit. Additionally, these fruits were categorised into three groups according to their market destination: fresh market, industrial processing, and non- Exp Appl Acarol (2016) 69:297-310 299 marketable. To categorise the fruits, they were all visually inspected to determine the necrotic area intensity. Fruits without necrosis were categorised as intended for fresh market, fruits with moderate necrosis (up to 16 % necrotic area) were categorised as intended for industrial processing, and fruits with moderate to high damage (above 16 % necrotic area) were classified as non-marketable ( Fig. 1 ). The data on mean percentage of necrotic area, number of fruits, fruit weight, and liquid albumen volume were subjected to tests of normality (Kolmogorov test) and homogeneity of variance (Bartlett test) and subsequently compared by t test (Pooled method: equality of variance) (PROC TTEST, SAS Institute 2002). The analyses between the fruit categories were performed using the Wilcoxon non-parametric test (PROC Npar1way, SAS Institute 2002).
Evaluation of the losses caused by Aceria guerreronis
The two previously established plant subgroups received different treatments to evaluate the losses caused by A. guerreronis. One of the subgroups consisted of all of the bunches sprayed with the acaricide abamectin (Vertimec 18CE; Syngenta, Paulínia, Brazil) at the dose recommended by the manufacturer (9 g/ha). The acaricide was sprayed onto the developing bunches at monthly intervals. Nothing was applied to the other plant subgroup, allowing for free development of the A. guerreronis populations. The subgroups were separated by two plant rows, and the positions of the two subgroups within the field were oriented according to the wind direction to minimise acaricide drift so that it did not reach the plants with unsprayed bunches. After a four-month interval (the period necessary for the first inflorescence emitted after the first spraying to reach the point of harvest), all of the fruits from bunch 7 were collected in both plant subgroups and were evaluated for the parameters described in the previous section. For logistical limitations, sampling could not be conducted during the whole year (i.e., at monthly intervals); thus, to allow more precise estimates, three samplings were conducted, each one with an interval of four months, evaluating a total of three harvests. The number of fruits per plant, fruit weight per plant, and liquid albumen volume of the fruits per plant were subjected to normality (Kolmogorov: normal test) and homogeneity of variance tests (Bartlett test) and were then subjected to a Generalized Linear Model (GLM) using Wilks' lambda indicator. The treated and untreated plants were compared for each parameter by the Fisher test and 
Evaluation of the costs associated with chemical control
To evaluate the cost of chemically controlling A. guerreronis, the cash flow of one hectare of green dwarf coconut palm (205 plants) was estimated within the study site. The costs involved in chemical control included the number of tractor hours (Brazilian Real [BRL]/machine hour, which included all of the costs of fuel, depreciation, equipment maintenance, and labour); daily wages for two persons who helped with the spraying; and purchase of the following inputs: mineral oil (3.0 L/ha), which acts as an adjuvant by increasing acaricide absorption, and the acaricide Vertimec 18 CE (0.5 L/ha). Profit was estimated for 12 harvests/year, which corresponds to 18 bunches, given that one bunch is emitted every 20 days and harvesting is performed monthly and not exactly when the bunches reach the point of harvest. The costs involved in the total net profit of one hectare/ year refer to a total of 15 sprayings because, after the beginning of the spraying, fruits at the point of harvest are entirely covered by spray only after four months from the first spraying.
Results
Pre-evaluation of the plants
There were no significant differences between the plants selected with respect to the parameters evaluated [number of fruits harvested per bunch (x = 21.0 ± 1.59, t 18 = -0.78, P = 0.45), fruit weight (x = 1.7 ± 0.06 kg, t 18 = 0.87, P = 0.40), liquid albumen volume per fruit (x = 294.6 ± 17.75 mL, t 18 = 0.49, P = 0.63), proportion of fruits per category (fresh market, x = 0.44 ± 0.04 fruit, v 2 = 1.1371, df = 1, P = 0.29; industrial processing, x = 0.51 ± 0.04 fruit, v 2 = 2.9170, df = 1, P = 0.088; non-marketable, x = 0.05 ± 0.02 fruit, v 2 = 1.0510, df = 1, P = 0.31). The levels of fruit damage also did not differ between the plant subgroups, with fruits showing 10.88 ± 1.75 % damaged area (v 2 = 1.8436, df = 1, P = 0.17), which corresponds to approximately 2700 mites per fruit according to Galvão et al. (2008) . Thus, both plant subgroups were equally infested by A. guerreronis before the onset of the experiment.
Evaluation of the losses caused by Aceria guerreronis
The mean number of fruits per bunch harvested was affected by acaricide spraying (F 1,18 = 100.58, P \ 0.0001), whereas no significant effect of time was detected (Wilks' lambda = 0.82, F 2,17 = 1.81, P = 0.19). The interaction between time and spraying was significant (Wilks' lambda = 0.51, F 2,17 = 8.12, P = 0.0033). Plants with sprayed bunches always exhibited a higher number of fruits per bunch than the plants with unsprayed bunches (Fig. 2) . The number of fruits harvested per bunch within each subgroup (plants with sprayed bunches and plants with unsprayed bunches) did not differ throughout the harvests (Fig. 2) . No difference was expected within each subgroup, because the monthly variation of the fruit set was not taken into account (samplings were done at 3 nonsuccessive months). The mean number of fruits harvested per bunch ranged from 17.3 to 22.9 in plants with sprayed bunches and from 6.8 to 9.3 in plants with unsprayed bunches. Considering the three harvests together, the number of fruits per bunch decreased by 60 %.
Fruit weight remained unaffected by the spraying (F 1,18 = 0.15, P = 0.70); however, it was significantly affected by time (Wilks' lambda = 0.38, F 2,17 = 13.79, P = 0.0003). The interaction between time and spraying was not significant (Wilks' lambda = 0.84, F 2,17 = 1.54, P = 0.24). There were only significant differences in the untreated plants, which exhibited a high mean at the last harvest (2.0 kg) compared to the others ([1.6 kg) (F 2,27 = 7.75, P = 0.0022) (Fig. 3) . Fruit weight in the treated plants ranged from 1.6 to 1.9 kg (F 2,27 = 2.34, P = 0.12) (Fig. 3) .
Liquid albumen volume per fruit was affected by the spraying (F 1,18 = 18.38, P = 0.0004), and there was also a significant effect of time (Wilks' lambda = 0.33, F 2,17 = 17.40, P \ 0.0001). However, the interaction between time and spraying was not significant (Wilks Lambda = 0.25, F 2,17 = 2.12, P = 0.15). During the first and second harvests, the sprayed plants exhibited higher liquid albumen volume per fruit than the unsprayed plants. During the third harvest, there were no significant differences between the plant subgroups (Fig. 4) . In both plant subgroups, liquid albumen volume increased throughout the harvests (Fig. 4) . Liquid albumen volume per fruit harvested from untreated plants decreased by 28 % considering the three harvests.
The plants with unsprayed bunches exhibited positive correlations between the mean number of fruits per bunch and mean fruit weight per bunch (r = 0.68, n = 28, P \ 0.0001; Fig. 5A ) and between the mean number of fruits per bunch and mean liquid albumen volume per fruit (r = 0.71, n = 28, P \ 0.0001; Fig. 5B ). However, the opposite occurred in the plants with sprayed bunches (mean number of fruits per bunch and mean fruit weight per bunch: r = -0.64, n = 27, P = 0.0002, Fig. 5A ; and number of fruits per For all harvests after the beginning of the spraying, the sprayed plants exhibited higher proportions of fruit intended for fresh market than the unsprayed plants (v 2 [ 5.36, df = 1, P \ 0.021; Fig. 6 ), whereas the opposite occurred for the fruit intended for industrial processing (v 2 [ 6.11, df = 1, P \ 0.013; Fig. 6 ). The unsprayed plants also exhibited higher proportions of non-marketable fruit (v 2 [ 4.60, df = 1, P \ 0.032; Fig. 6 ).
Evaluation of the costs associated with chemical control
The total estimated cost of spraying 1 hectare (205 plants) of coconut palms over a 1-year period was BRL 4527.00, wherein the operational costs (machine hours and worker wages) accounted for 86.5 % of this total, and the purchase of inputs represented 13.5 % of this total. The details are shown in Table 1 . Considering the three harvests performed during the study, the sprayed plants exhibited on average 20.7 fruits per bunch harvested with a mean of 0.357 L of liquid albumen per fruit. Of these fruits, 81 % were intended for fresh market (BRL 0.45/fruit), 14 % were intended for industrial processing (BRL 0.75/L of liquid albumen), and 5 % were discarded. A gross profit of BRL 30,761.59 was generated ( Table 2 ). The net profit obtained from the difference between total gross profit and the costs involved in spraying was BRL 26,235.00. The unsprayed plants exhibited on average 8.1 fruits per bunch harvested with a mean value of 0.297 L of liquid albumen per fruit. Of these fruits, 43 % were intended for fresh market (BRL 0.45/fruit), 37 % were intended for industrial processing (BRL 0.75/L of liquid albumen), and 21 % were discarded, generating a net profit (as there was no costs from spraying) of BRL 8111.50. Thus, the difference between the profit of the treated site and the untreated site was BRL 18,123.50; this value represents a 69.1 % higher profit from the treated site.
Discussion
The results of this study provide evidence consistent with the losses caused by A. guerreronis, which consist of reduced number of fruits, reduced liquid albumen volume, and compromised final market destination of the fruits with consequent reduced economic benefit for the farmers. Additionally, the economic viability of chemically controlling this pest in green dwarf coconut palm crops was confirmed. There is variation in the estimated losses caused by A. guerreronis in the scientific literature. This variation is partially explained by the use of different methods, which hinders direct comparison between studies (Navia et al. 2013) . Additionally, the percentage of losses may vary due to fruit age, plant variety, climatic conditions, the presence of predatory mites, control practices, and marketing (Mariau and Julia 1970; Julia and Mariau 1979; Suarez 1991; Seguni 2000; Ramaraju et al. 2005; Howard 2006; Aratchige 2010; Negloh et al. 2011) . The pattern of A. guerreronis damage can be affected by the fruit's bract arrangement (Howard 2006) , which is a characteristic that can be explored in the search for resistant varieties. Lawson-Balagbo et al. (2008) found that long periods of drought and high temperature appear to be decisive factors in A. guerreronis occurrence and establishment, with a lower incidence of this pest in regions with high rainfall. Regular rainfall most likely reduces the chance that a mite will successfully reach a new fruit during the dispersal process (Howard et al. 1990 ). Predator presence is another factor that may affect the losses caused by A. guerreronis because it is known that acarine fauna are variable in different regions and that some predators may be more efficient. The predators Neoseiulus baraki (Athias-Henriot) and N. paspalivorus (De Leon) (Acari: Phytoseiidae) appear to be morphologically adapted to living under the perianth, and thus, they are the most skilled natural enemies of A. guerreronis (Lawson-Balagbo et al. 2008; Lima et al. 2012; Melo et al. 2015) . Clear trends have been observed in the distribution of these predators according to prevailing climatic factors, with N. paspalivorus predominating in dry regions and N. baraki predominating in humid regions (Lawson-Balagbo et al. 2008) . These predators do not occur in regions with milder temperatures Souza et al. 2012) , such as the extreme south of Bahia and São Paulo (Brazil).
A decrease in the number of fruits due to abortion is one of the problems associated with A. guerreronis attack (Doreste 1968; Nair 2002; Wickramananda et al. 2007 ). In the present study, A. guerreronis reduced the number of fruits by 60 % for the green dwarf variety. Moore et al. (1989) recorded a decrease in the number of fruits of 31 % in St. Lucia (Caribbean). In Sri Lanka, 2.9 % of the losses were due to premature fruit drop (Wickramananda et al. 2007 ). Even when abortion does not occur, the fruits that remain in the bunch can suffer decreases in liquid albumen volume, weight, and size (Moore et al. 1989; Haq et al. 2002; Paul and Mathew 2002) . Few studies have quantified losses in liquid albumen volume (Ramaraju et al. 2005) given that most coconut-producing countries of the Eastern Hemisphere, accounting for 84 % of the global production (FAO 2012) , produce this crop to sell the solid albumen. In this study, there was a 28 % reduction in liquid albumen volume in the unsprayed plants infested with A. guerreronis. Losses in liquid albumen volume have also been found in India, reaching a 67 % decrease (Ramaraju et al. 2005) .
The green dwarf variety is grown to sell its liquid albumen for raw consumption or to industries that bottle it. In regard to sale for raw consumption, the outer appearance of the fruit is essential. Damage caused by A. guerreronis affects the fruit's aesthetics, and depending on its intensity, it can compromise its sale and even its industrial processing because the necrotic areas hinder the penetration of machinery into the fruit to remove the liquid albumen. Fruits with extensive necrotic areas caused by A. guerreronis are usually rejected by distributors, making their sale entirely unfeasible. In this study, 81 % of the fruits from plants with abamectin-sprayed bunches were classified as intended for fresh market. In contrast, only 43 % of the fruits from plants with unsprayed bunches were classified in this category, in which the market value is higher than in the other categories. The lack of spraying allowed for A. guerreronis population growth, causing reduced market value of the product as shown by the reduced number of fruits intended for fresh market and the increased number of fruits intended for industrial processing and nonmarketable fruits. Thus, it can be concluded that A. guerreronis control provided higher profitability from marketing the fruit.
The present study shows that A. guerreronis damage may alter natural correlations existing in coconut palm plants. Coconut palms with low A. guerreronis infestations (treated plants) exhibit negative correlations between number of fruits harvested and fruit weight and between number of fruits harvested and liquid albumen volume, whereas the opposite (positive correlations) is observed in plants infested with A. guerreronis. This variation can be explained by analysing the distribution of resources assimilated by the plant among its fruits. Sprayed plants (lower A. guerreronis infestations) exhibit a higher number of fruits than unsprayed plants (higher A. guerreronis infestations). Therefore, fruits from the sprayed plants tend to allocate fewer resources to weight gain and liquid albumen volume for each fruit because the resource have to be shared by a higher number of fruits. Evidently, the opposite is valid for plants with higher A. guerreronis attack. However, although there were negative correlations for the sprayed plants, they exhibited higher liquid albumen volume than the unsprayed plants. It is noteworthy that plants under intense A. guerreronis attack most likely have fewer resources to distribute among their fruits because part of these resources may be used for their defence (direct or indirect) against mite attack. It is known that coconut palms under A. guerreronis attack release volatiles, which are detected by some A. guerreronis-controlling agents such as the predatory mites N. baraki and Proctolaelaps bickleyi (Bram) . One way of attempting to overcome these negative correlations in treated plants and in plants with A. guerreronis populations under control is by fruit thinning.
Although some studies have shown that chemical control is an effective technique for A. guerreronis control (Mariau and Tchibozo 1973; Cabrera 1991; Ramaraju et al. 2002; Muthiah et al. 2001; Moreira and Nascimento 2002; Melo et al. 2012) , there are no studies documenting the economic viability of using this method. In seeking to fill this gap in knowledge, the costs of A. guerreronis control were quantified in this study, and the viability of using abamectin to control this pest was also assessed. The results of this study demonstrate that the profit was 69.1 % higher in the abamectin-treated site than at the untreated site, which corresponds to a difference of approximately BRL 18,123.50 in net profit per hectare within a 1-year period for the treated site compared to the untreated site. Based on these results, it can be affirmed that chemical control with abamectin in green dwarf coconut palm crops is economically feasible and allows farmers to achieve high profit margins. However, these results do not apply to other varieties (hybrids and giants) due to differences in plant size, number of fruits produced per plant, and market destination of the fruit, which can make this control method unfeasible. Additionally, irrigated plants produce bunches over a short time interval, which is not the reality for most of the crops and can reduce the economic return. A recent study suggests that increased application intervals can reduce the control costs and enable the use of chemical control in other varieties, but the application interval should be further investigated .
The high loss rates caused by A. guerreronis found in this study show the severity of the problem caused by this pest and the need to control it. Chemical control was efficient for the green dwarf variety, allowing plants to produce higher numbers of fruits with greater liquid albumen volume and with higher aesthetics (enabling most of the fruit to be categorised as intended for fresh market) compared to the unsprayed plants. Thus, chemical control of A. guerreronis provided higher profitability when selling the fruits, constituting a lucrative method for farmers. However, more studies should be conducted to investigate the viability of this method in other C. nucifera varieties.
